In a series of short-term experiments root systems of young sorghum and millet plants inoculated with N2-fixing bacteria were exposed to 15NE-enriched atmospheres for 72 h. The plants were grown in a normal atmosphere for up to 22 days after the end of the exposure to allow them to take up the fixed N 2. Environmental conditions and genotypes of sorghum and millet were selected to maximise NE-fixation in the rhizosphere. Detectable amounts of fixed N (>16~tg/plant) were rapidly incorporated into sorghum plants grown in a sand/farmyard manure medium, but measurable fixation was found on only one occasion in plants grown in soil. N 2 fixation was detectable in some experiments with soil-grown millet plants but the amounts were small ( 2 -4 Ixg/plant) and represented less than 1% of plant N accumulated over the same period. In many cases there was no detectable 15N 2 incorporation despite measurable increases in ethylene concentration found during an acetylene reduction assay.
(reviewed by van Berkum 1984; Giller and Day 1985; Dart 1986 ). Enhancement of N2 fixation in the rhizosphere may be possible by inoculation with large populations of N2-fixing bacteria, or by selection of plant genotypes which support greater amounts of bacterial N2 fixation. In crops that are generally grown on soils with a small N content, such as sorghum [Sorghum bicolor (L.) Moench] and millet (Pennisetum americanum L.), the evolution of such bacterial-root associations may have been favoured; differences have been found between genotypes of these species in root-associated acetylene reduction activity (Bouton and Brooks 1982; Wani et al. 1984) . Measurements of acetylene reduction activity, however, may not represent in situ N 2 fixation, for a number of reasons (Witty 1979; van Berkum and Bohlool 1980; Giller 1987) .
Direct measurement of N 2 fixation is possible using 15N-labelled N 2 gas. Incorporation of fixed N into a variety of crops and tropical grasses has been demonstrated using this method (Ruschel et al. 1975; De Polli et al. 1977; Eskew et al. 1981; Giller et al. 1984 ). Here we report a series of experiments carried out with young sorghum and millet plants in which we used 15N 2 to examine the rates of N 2 fixation and the possible differences in root-associated N 2 fixation between genotypes of these crops.
Materials and methods
Experimental conditions. The plants were grown from seed in incubation chambers in a greenhouse at the ICRISAT Center, Patancheru, India, which allowed the intact root/soil system to be enclosed. The chambers were attached to a closed circulating system and gas mixtures containing 15N 2 introduced. Incubations were carried out for 72 h in all experiments. At regular intervals 02 was replenished by injection into the loop and gas mixtures were circulated over soda-lime to remove accumulating CO 2. The methods are described in detail elsewhere (Giller et al. 1984) .
Gas mixtures enriched with 15N 2 were made by mixing commercially prepared 15N 2 gas (99 atom%lSN) or recaptured 15N 2 gas mixtures from previous experiments with 20% O 2. In later experiments 20% argon was substituted for N 2 gas in the mixtures to reduce the amount of ISN 2 required. All gas mixtures were stored over acidified water to remove any contaminating 15N-labelled ammonia. Air in the circulating loop was removed by purging with CO 2 and the 15N 2 gas mixture allowed to flow into the loop as the CO 2 was removed by passing over soda-lime. The initial enrichment of gas mixtures after introduction was generally less than 70 atom % 15N due to some residual 14N 2 in the circulating system and chambers. Gas samples were taken from the incubation chambers immediately after introduction of 15N 2 and at 24-h intervals, and analysed for 15N. 15N enrichment invariably decreased by approximately 30% over the 3-day incubation period, probably due to gaseous diffusion through the leaf sheaths of the shoots as leakage from the gas circulation system was rarely detected. The amount of N 2 fixed was calculated by using the mean gas concentration over the incubation period. The plants were allowed to grow for up to 22 days after the start of the exposure to allow uptake of fixed N before harvest.
The amounts of fixed N incorporated in the plants were calculated as: R plant part N 2 fixed = N in plant parts × (~tg) , R gas phase where R = atom % aSN excess; and similarly, the detection limits for incorporation of fixed N were calculated as: 0.005 Detection limit = N in plant part × (l~g) R gas phase using a plant enrichment of 0.005 a t o m % 15N excess as a lower limit of detection due to variation in the natural abundance of 15N and analytical precision. Treatments and specific conditions of each experiment are detailed in Tables 1 and 2 . Growth media were either a mixture of sand and farmyard manure (97.5:2.5 w:w) or an Alfisol soil (total Kjeldahl N = 0.07%) collected from the surface 0 -1 5 cm of fields at the ICRISAT Center, Patancheru. Both media were used at a rate of 350 g per incubation chamber. Inoculum was pipetted over the seeds at the time of sowing as three different treatments: (i) 5 ml/incubation chamber of a soil suspension of air-dried soil taken from the rhizosphere of field-grown sorghum plants: (2) 5 ml napier bajra root extract (Wani et al. 1984) containing approximately 2× 106 N2-fixing bacteria/ml, counted by the dilution and platecount technique using N-free sucrose or malate medium; or (3) 3 ml Azospirillum lipoferum (ICM 1001) containing 2×107 cells/ml.
Details of genotypes of sorghum and millet used in the experiments are given in Table 1 . In total, five 15N 2 exposures were performed on sorghum genotypes and four on millet genotypes. The plants were watered once a week with an N-free nutrient solution (Brougbton and Dilworth 1975) and at other times with deionised 
Results and discussion

Incorporation of fixed N in sorghum
Acetylene reduction activity associated with sorghum roots in growth media amended with farmyard manure is often greater than in soil (Wani et al. 1984) . When sorghum plants were grown in a sand/farmyard manure mixture, N2 fixation and its rapid incorporation were easily demonstrated ( This experiment was repeated in order to examine the differences between genotypes IS 3003 and CSH 5. Both genotypes accumulated dry matter over the course of the second experiment, but took up only small amounts of N (Fig. 1) . The N content of the leaves decreased from 2.3°70 to 0.8070 between the 20-and 43-day harvests, indicating that the N available for plant uptake and growth was limited. Easily measurable rates of ethylene accumulation were found at all except the 21-day harvest (Table 3 ) but despite this, no incorporation of ~SN was detected in any of the plants examined in two 15N 2 exposures (Table 2; Exp. 3).
In order to measure the benefits of N 2 fixation in more mature plants larger incubation chambers were constructed (3 kg soil) and a plant of genotype CSH 5 was exposed to lSN 2 after 43 days' growth. A solution containing nitrate was added to these plants on two occasions (total of < 10 mg N) in order to alleviate severe N limitation. Despite the good growth and N accumulation (160 mg total N accumulation) in the exposed plant no 15N 2 incorporation was detected (detection limit 2 ~g N incorporated in the plant) over the 7-day growth period after incubation under 15N2, nor was enrichment detected in the soil.
Incorporation of fixed N in millet
Small amounts of 15N 2 incorporation were found in one incubation experiment where Ex-Bornu plants were grown in soil (Table 4) . Analysis of the soils in which BJ 104 plants were grown and exposed to 15N 2 (Table 4 ; Exp. 6) did not demonstrate any N 2 fixation. A further experiment was carried out to examine two genotypes (BJ 104 and ICH 107) grown in an Alfisol soil and inoculated with Azospirillum lipoferum. Incorporation of 15N was found in all plants examined but the enrichments were again small, and no significant differences were found between the genotypes (Table 5) 
Amounts of N 2 fixation associated with young plants of sorghum and millet
The experimental conditions were manipulated to ensure an optimal environment for N2 fixation; low soil N, high temperatures (30 °C) and a high soil-moisture content (70% water-holding capacity of the medium) as well as a large bacterial inoculum and suitable plant genotypes shown to support substantial acetylene reduction activity (Wani et al. 1984) . Despite this, only small amounts of N2 fixation were found for both sorghum and millet. Indeed, in some cases N2 fixation was not detectable even where measurable amounts of ethylene production were found in an acetylene reduction assay.
Where small amounts of N2 fixation were demonstrated for sorghum grown in a sand/farmyard manure medium, rapid plant uptake of fixed N was detected immediately after the 3-day exposure (Table 2 ). It is likely that bacterial N2 fixation in this medium was favoured by the presence of a large amount of organic matter. Small amounts of incorporated fixed 15N were also found immediately after a 24-h incubation of grass-soil cores in Texas (Morris et al. 1985) although fixed-N uptake by rice was slow (Ito et al. 1980; Eskew et al. 1981) . Our analyses did not indicate significant enrichment of soil N in the incubation chambers where no 15N-incorporation was found in the plants, suggesting that the absence of detectable N2-fixation was not due to slow release of fixed N from bacteria.
Incorporation of much larger amounts of fixed N have been demonstrated in sugar cane (Ruschel et al. 1975) and in the tropical grasses Paspalum notatum and Digitaria decumbens (De Polli et al. 1977 ) using ~5N2 incubation experiments. Okon et al. (1983) also a Soil susp., soil suspension; NBRE, napier bajra root extract (Wani et al. 1984) b No. of replicates at each harvest: Exp. 4 = 3, Exp. 5 = 5, Exp. 6 = 10, Exp. 7 = 5. ND, not detectable plants largely assimilated only 5% of the fixed N as estimated by acetylene reduction assay. In the work reported here we did not find consistent or significant inputs of N from N2-fixation in the rhizosphere to the growth of young sorghum and millet plants. Rates of acetylene reduction activity are often small for young sorghum and millet plants, increasing to maximal values around the time of flowering (Wani et al. 1984) . Examination of the root systems of mature plants using 15N 2 exposures is difficult, not least because of the large volume of 15N 2 gas required. In mature plants the large amount of N reduces the sensitivity of detection of N 2 fixation due to dilution of the isotope. Much of the evidence indicating a substantial uptake of N by cereal plants from N2 fixation in the rhizosphere is indirect and subject to other interpretation (van Berkum and Sloger 1985; Giller and Day 1985) . Isotope-dilution estimates of N 2 fixation with species of Paspalum (Boddey et al. 1983 ) and with sugar cane (Lima et al. 1987 ) indicate substantial gains from N2 fixation in the rhizosphere. However, despite many claims, it has not yet been substantiated that increases in growth of cereal crops following inoculation with free-living N2-fixing bacteria are due to enhanced fixation of N 2 in the rhizosphere (Giller and Day 1985) .
